The genus Listeria includes both human and animal pathogens (L. monocytogenes and L. ivanovii), as well as apparently nonpathogenic species (L. innocua, L. seeligeri, L. grayi, and L. welshimeri), which either have not been linked or only rarely have been linked to human or animal infections (11, 40, 54, 63) . L. monocytogenes and L. ivanovii are capable of invading a number of different eukaryotic cell types and can subsequently multiply and spread intracellularly (46) . In addition to being a human pathogen, L. monocytogenes also has been shown to infect over 40 species of wild and domesticated animals (25) . On the other hand, L. ivanovii appears to have a narrower host range; while it predominantly causes abortions in sheep and cattle, it also has been responsible for a small number of opportunistic human infections (43) . The pathogenic and nonpathogenic Listeria spp. appear to be able to survive well outside animal hosts and have been isolated from a diverse range of environments (43, 46) ; the possible exception is L. ivanovii, which appears to have been isolated only rarely from environmental sources (56) . Listeria spp. are thus often considered saprophytes.
Interestingly, the genomes of both pathogenic and nonpathogenic Listeria spp. contain genes encoding several internalins and internalin-like proteins (12, 13, 19, 20, 28, 51) . The internalins comprise a family of proteins characterized by the presence of repeat motifs of regularly spaced leucine or isoleucine residues (45) . The leucine-rich repeat motif, which is broadly present in many groups of proteins, is thought to provide a versatile structural framework for protein-protein interactions (37, 38) . The Listeria internalins are either surface bound (through an LPXTG binding motif or, less commonly, through a GW domain) or secreted (7) . Comparative analyses of four L. monocytogenes genomes resulted in identification of between 24 and 29 genetic loci encoding internalin-like proteins in the strains sequenced (51) . Genomic microarray characterization of 113 Listeria isolates representing all six species showed that internalin-like genes are present in all members of this genus and revealed the presence of at least four L. seeligeri genes with homology to L. monocytogenes internalin genes (13) . A total of 14 genes encoding internalin-like proteins have been identified to date in L. ivanovii (12, 19, 20) . By comparison, analyses of the L. innocua and L. welshimeri genome sequences revealed the presence of 19 and 8 genes encoding internalin-like proteins, respectively (28) .
While a number of internalin genes have been characterized in L. monocytogenes, specific functions have been identified for only a few internalin proteins. InlA and InlB have been clearly demonstrated to be important for host cell invasion and virulence (14, 22) . InlA interacts with the adhesion molecule Ecadherin (48) , while InlB interacts with at least three cell surface molecules, including the hepatocyte growth factor receptor Met (58), gC1qR (5) , and glycosaminoglycans (31) .
InlA, which by itself triggers inefficient invasion of Caco-2 cells, appears to require the support of InlB, InlC, and InlGHE (3) . A null mutation in L. monocytogenes inlJ significantly attenuates virulence in intravenously infected mice or in orally inoculated mice expressing human E-cadherin (55) . Lmo0327 appears to be an enzyme with murein-hydrolyzing activity. A null mutation in lmo0327 did not result in reduced adhesion or invasion of human embryo intestinal epithelial INT407 cells (52) . Similarly, a null mutation in inlI (lmo0333) did not result in reduced invasion of tissue culture cells or reduced virulence in a mouse model (55) . In L. ivanovii, 12 genes encoding internalin-like proteins are present in a single virulence gene island, while two internalin genes (i-inlC and i-inlD) are located elsewhere in the chromosome (12, 19, 20) . Characterization of null mutations in two L. ivanovii internalin-like protein genes (i-inlE and i-inlF) indicated that these genes contribute to virulence in a mouse model (12, 20) . The functions of the remaining internalin-like protein genes in L. ivanovii remain to be elucidated. Similarly, the functions of the internalin-like protein genes in the nonpathogenic Listeria spp. also remain to be determined.
The presence of genes encoding internalin-like proteins in all members of the genus Listeria suggests that these proteins have diverse functions in different hosts and/or environments, which are likely not limited to virulence-associated roles. We thus hypothesized that temperature may be an important factor in regulating transcription of these genes and that a better understanding of temperature-dependent transcription of the genes encoding internalins and internalin-like proteins may help identify hosts and/or environments where different internalins facilitate L. monocytogenes survival and multiplication. This hypothesis is supported by the previous observation that the level and activity of L. monocytogenes positive regulatory factor A (PrfA), a key regulator of virulence gene expression, are both affected by temperature (30, 39) . We used microarrays to compare the levels of transcripts of (i) 24 genes encoding internalin-like proteins identified in L. monocytogenes 10403S, (ii) 24 housekeeping genes, and (iii) five control genes (prfA, sigB, clpE, plcA, and opuCA) in L. monocytogenes grown at 37°C to the levels of transcripts in cells grown at 16, 30, and 42°C. The temperature-dependent levels of transcripts of selected internalin genes and control genes were also confirmed by quantitative reverse transcriptase PCR (qRT-PCR). We selected conditions that reflect temperatures that may be encountered by L. monocytogenes in the environment and in cold-blooded animals (16 and 30°C) or warm-blooded hosts (37 and 42°C, as body temperatures in birds can be as high as 42°C). The levels of transcripts for sigB, which encodes the stress-responsive sigma factor B , the B -dependent gene opuCA, prfA, which encodes PrfA, and the PrfA-dependent gene plcA were evaluated as B -and PrfA-dependent regulation of at least some L. monocytogenes internalins has been demonstrated previously (18, 32, 34, 36, 41, 57) .
MATERIALS AND METHODS
Bacterial strains and growth conditions. L. monocytogenes 10403S (serotype 1/2a) was used throughout this study (4) . Before each experiment, this strain was grown in brain heart infusion broth (BHI) at 37°C with shaking (200 rpm) to an optical density at 600 nm (OD 600 ) of 0.4 and then diluted 1:100 into fresh BHI and grown again to an OD 600 of 0.4 to increase the proportion of cells present in the log phase.
To measure the growth of L. monocytogenes at different temperatures, logphase L. monocytogenes 10403S cells (OD 600 , 0.4) were diluted 1:100 into BHI at 16, 30, 37, or 42°C . The cultures were incubated at these temperatures with shaking (200 rpm), and the OD 600 was determined at regular intervals. Growth curves were constructed for each temperature by using the average OD 600 values at different times postinoculation, as determined in three independent experiments.
For RNA isolation, a log-phase culture (OD 600 , 0.4) of L. monocytogenes 10403S was diluted 1:100 in BHI at 16, 30, 37, or 42°C and subsequently incubated with shaking (200 rpm) at the same temperature until the early stationary phase, defined as 3 h after the OD 600 reached 1.0 for cells grown at 30, 37, and 42°C. For cells grown at 16°C, the early stationary phase was defined, based on growth curve data, as 6 h after the OD 600 reached 1.0. When cells reached the stationary phase, RNA was stabilized by addition of 2 volumes of RNAprotect (QIAGEN, Valencia, CA) to the bacterial culture. Bacterial cells were then harvested by centrifugation and stored at Ϫ80°C for no more than 24 h before RNA isolation.
RNA collection and purification. RNA was isolated from frozen bacterial pellets with an RNeasy kit (QIAGEN) by using the manufacturer's protocol for enzymatic and mechanical disruption, except that cells were sonicated twice on ice with three 30-s bursts at 18 to 21 W using a Sonicator 3000 (Misonix, Farmingdale, NY). Contaminating DNA was degraded using Turbo DNase according to the manufacturer's instructions (Ambion Inc., Austin, TX). The total nucleic acid concentration and purity were estimated using A 260 /A 280 values obtained with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Microarray construction and validation. Construction and validation of a subgenomic microarray targeting the 24 internalin-like protein genes present in L. monocytogenes 10403S have been described elsewhere (P. McGann, S. Raengpradub, R. Ivanek, M. Wiedmann, and K. J. Boor, submitted for publication). Briefly, two 70-mer oligonucleotides were designed for each of the 24 internalin genes, 24 housekeeping genes, and five control genes (prfA, plcA, sigB, opuCA, and clpE) using ArrayOligoSelector (http://arrayoligosel.sourceforge.net/) (see Table S1 in the supplemental material for probe sequences and characteristics). The oligonucleotides were synthesized by Operon Biotechnologies Inc. (Huntsville, AL). To assist in background correction, 70-mer oligonucleotides targeting five yeast genes encoding the mating pheromone ␣-factors (mf␣1, mf␣2), mating type ␣-factor pheromone receptor (ste3), actin (act1), and GTP-binding protein involved in the regulation of the cyclic AMP pathway (ras1) were used as negative controls (67) . To assist in signal normalization, eight twofold serial dilutions of 10403S chromosomal DNA (from 200 to 0.8 ng/l) were prepared in printing buffer and also spotted on the array. All oligonucleotides and controls were spotted in duplicate on UltraGAPS slides (Corning, Corning, NY) using a custom-built XYZ microarrayer. Printing quality was checked by hybridization with Cy3-labeled random sequence nonamers and subsequent scanning using a GenePix 4000b scanner (Axon Instruments Inc., Foster City, CA). Printed microarrays were fixed with a UV cross-linker at 300 mJ for 1 min and stored in a desiccator at room temperature.
Probe labeling and microarray hybridization. cDNA was synthesized from 10 g of purified total RNA and labeled with Alexa Fluor dyes using the SuperScript Plus indirect cDNA labeling system (Invitrogen Inc., Carlsbad, CA). Before hybridization, microarray slides were treated for 10 min in a methyl pyrrolidone solution containing 0.18 M succinic anhydride and 44 mM sodium borate (pH 8.0) and then washed in fresh methyl pyrrolidone. The slides were washed successively (1 min each) in (i) H 2 O, (ii) 0.1% sodium dodecyl sulfate (SDS) (three washes), (iii) water (five washes), and (iv) 95% ethanol (one wash). The slides were dried by centrifugation and immersed for 1 h in blocking solution (0.1% bovine serum albumin, 0.1% SDS, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) at 42°C. After blocking, the slides were washed (1 min each) in H 2 O (five washes) and 95% ethanol (two washes) and then dried by centrifugation. Labeled cDNA of L. monocytogenes grown at the two temperatures to be compared was resuspended in 50 l of hybridization buffer (5ϫ SSC, 0.1% SDS, 0.1 mM dithiothreitol, 0.5ϫ formamide, 600 g/ml salmon sperm DNA), denatured at 95°C for 5 min, and then applied to the slides using mSeries LifterSlips (Erie Scientific, Portsmouth, NH). Hybridization was performed overnight at 42°C in a water bath. After hybridization, the slides were washed in 2ϫ SSC-0.1% SDS (5 min at 42°C) and then at room temperature in 2ϫ SSC-0.1% SDS (5 min), 2ϫ SSC (5 min), 0.2ϫ SSC (5 min), and 0.05ϫ SSC (1 min); this was followed by a final rinse in H 2 O. The slides were dried by centrifugation and scanned using a GenePix 4000b scanner. The images acquired were analyzed using GenePix Pro 6.0 (Molecular Devices Corp., Sunnyvale, CA).
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For each growth condition described above, three independent sets of RNA isolation procedures were performed on different days to provide distinct biological replicates, and each set of RNA samples was used to perform competitive hybridization microarray experiments. For each set of biological replicates, labeled cDNA from cells cultured at 37°C was hybridized to labeled cDNA from cells cultured at 16, 30, or 42°C. Microarray data analysis. Analyses of microarray data were performed in R (http://www.R-project.org) with Bioconductor (26) using the LIMMA software (65) . To correct for background noise, the background intensity was subtracted from the foreground intensity for each spot (69) . For normalization within arrays, the data were weighted for the housekeeping genes and genomic DNA controls and were normalized using a print-tip loess (59) . The initial data analysis indicated that housekeeping genes were differentially expressed as a function of temperature, with five and two genes having higher and lower levels of transcripts, respectively, at 16 than at 37°C (Table 1) . Therefore, the initial normalization was conducted by weighting only for the genomic DNA controls. Differentially expressed housekeeping genes identified with data normalized using only genomic DNA were removed from subsequent normalization procedures and designated "test" genes for all analyses. Finally, between-array normalization was performed by application of scale normalization to scale the log ratios to the same median absolute deviation across arrays. Two independent probes for each gene, each printed in duplicate, were included on a single array, and two arrays were printed per slide. To provide the most comprehensive and robust data analyses, the two independent probes for each gene were initially analyzed separately. In addition, the two arrays on each slide were treated as independent blocks for statistical examination and were analyzed accordingly. A linear model was fitted to the normalized log ratios, and four B-statistics, t-statistics, and P values were generated for each gene, corresponding to the two profiles from each array block and the two independent probes. Differential gene expression was reported only if the average fold difference between two temperatures was greater than 2 for both probes and if the difference in transcript levels was significant (P Ͻ 0.05) for both probes; this approach was previously validated by our group and was shown to reduce false-positive results (McGann et al., submitted).
qRT-PCR. qRT-PCR using TaqMan primers and probes was performed to confirm the temperature-dependent levels of transcripts for selected internalin and control genes. All primers and probes have been described previously and are shown in Table S2 in the supplemental material. qRT-PCR was performed in 25-l reaction mixtures essentially as previously described (10, 34) , except that we used iTaq Supermix with Rox (Bio-Rad, Hercules, CA). All qRT-PCR experiments were performed in triplicate with the three independent RNA isolates used for the microarray expression analyses. All data were log transformed to obtain a normal distribution, and the log-transformed levels of transcripts were normalized to the geometric means for the rpoB and gap housekeeping genes as previously described (10, 34) . One-way analysis of variance and Tukey's honestly significant difference test were used to investigate differences in the levels of transcripts obtained at the four temperatures for a given gene. All statistical analyses were performed with S-Plus 6.2 (Insightful Corp, Seattle, WA).
Microarray data accession number. Raw data and microarray files in the MIAME format have been deposited in the Gene Expression Omnibus (GEO) database (1, 17) under accession number GSE6471.
RESULTS
Expression of seven housekeeping genes and the clpE heat shock gene changes in response to the external temperature. Analyses of the microarray data showed that the levels of transcripts of seven housekeeping genes and the clpE gene encoding a class III heat shock protein (Clp ATPase) were temperature dependent (Table 1) . Specifically, the levels of transcripts of five housekeeping genes (aroE, corA, nadE, rbfA, and gap) were higher at 16°C than at 37°C, and the levels of transcripts of two housekeeping genes (rpoB and mutS) were lower at 16°C than at 37°C; the levels rpoB transcripts were also lower at 30°C than at 37°C. clpE was included in the microarray as a control gene predicted to exhibit increased transcription at elevated temperatures. As expected, the levels of the clpE transcripts were higher at 42°C than at 37°C, while the levels of these transcripts were lower at 30°C than at 37°C. The levels of the transcripts of rpoB and gap, which have previously been used by workers in our group to normalize the levels of transcripts of different target genes in qRT-PCR experiments (10, 34) , differed significantly for L. monocytogenes grown at some temperatures (Table 1) . Therefore, we investigated levels of transcripts of these genes at different temperatures using qRT-PCR. Analyses using Tukey's honestly significant difference test showed that the levels of rpoB transcripts were significantly lower at 16°C than at 42°C, while the levels of gap transcripts were significantly higher at 16°C than at 30 or 42°C. While a significant effect of temperature on the levels of rpoB and gap transcripts was confirmed by analysis of variance, temperature did not have a significant effect on the geometric mean of the levels of the rpoB and gap transcripts (Fig. 1) . These data support the conclusion that normalizing the levels of mRNA transcripts to the geometric mean of the levels of the rpoB and gap transcripts, as previously reported by workers in our group (10, 34) , is a valid approach for normalizing levels of mRNA transcripts determined by qRT-PCR using RNA from cells grown at different temperatures. Therefore, in all qRT-PCR experiments, the levels of transcripts for each target gene were normalized using the geometric mean of the levels of the rpoB and gap transcripts.
Temperature-dependent levels B -dependent inlC2, inlD, lmo0331, and lmo0610 transcripts are similar to the levels of B -dependent opuCA transcripts. Previous reports have shown that inlC2, inlD, lmo0331, and lmo0610 are at least partially B dependent, and putative B -dependent promoters have been identified upstream of the coding regions of these genes (32; McGann et al., submitted). Microarray data showed that the levels of inlC2, inlD, lmo0331, and lmo0610 transcripts, as well as the levels of opuCA and sigB transcripts, were higher at both b The relative difference in transcript levels based on the microarray data was calculated using Bioconductor for R by dividing the average spot intensity for L. monocytogenes 10403S at the first temperature listed by the average spot intensity at the second temperature. For each gene the fold difference is shown for each of the two probes targeting the gene (probe 1 and probe 2); for each probe the value is the average of the fold differences for the probe on the upper and lower arrays. The microarray data represent the data for three separate slides, each hybridized with cDNA from an independent replicate RNA isolation. A negative value indicates that the level of expression at the first temperature listed was lower than the level of expression at the second temperature. Relative differences in transcript levels are shown only if the difference was significant (P Ͻ 0.05). 16 and 30°C than at 37°C (Table 2 ). In addition, the levels of inlC2, lmo0610, opuCA, and sigB transcripts were also higher at 42°C than at 37°C, while the levels of inlD and lmo0331 transcripts were not different at 37 and 42°C. qRT-PCR confirmed the microarray results ( Fig. 2A) and revealed that inlC2, inlD, lmo0331, lmo0610, and opuCA had very similar temperaturedependent transcription patterns; the highest levels of transcripts were observed in cells grown at 16°C, and the lowest levels of transcripts were observed in cells grown at 37°C (the one exception was inlD, whose transcript levels were lowest at 42°C).
Levels of PrfA-dependent inlA, inlB, and inlC transcripts are temperature dependent, like the levels of PrfA-dependent plcA transcripts. Previous studies have shown that inlA, inlB, and inlC are partially PrfA dependent (18, 41) , and PrfA binding domains (a "PrfA box") have been identified upstream of the inlAB operon (16) and inlC (18) . In addition, transcription of inlAB is also B dependent, and a B -dependent promoter has been identified upstream of this operon (32) . Microarray data showed that the levels of inlA, inlB, inlC, and plcA transcripts were significantly lower at 16°C than at 37°C (Table 2) , and the differences were more pronounced for plcA (16. 5-to 23.3-fold) ( Table 2 ) than for inlA, inlB, and inlC (3.4-to 5.6-fold). While the levels of plcA transcripts were also lower at 30°C than at 37°C, the levels of inlA, inlB, and inlC transcripts were not significantly different at 30 and 37°C. These microarray results were confirmed by qRT-PCR (Fig. 2B) , which showed that the temperature-dependent transcription patterns for inlA, inlB, inlC, and plcA were similar. For all four genes, the levels of transcripts at 16°C were significantly lower than the levels of transcripts in cells grown at 37 or 42°C. The levels of plcA transcripts were also significantly lower in cells grown at 30°C than in cells grown at 37 or 42°C, consistent with the microarray data. The levels of prfA transcripts were similar in cells grown at 16, 30, and 37°C, but they were significantly higher at 42°C (Fig. 2B ), also consistent with the microarray data ( Table 2) .
Levels of inlG, inlJ, lmo0514, and lmo1290 transcripts are low at 16°C and highest at 30 and/or 37°C. Microarray data showed that the levels of inlG, inlJ, and lmo0514 transcripts were significantly lower in cells grown at 16°C than in cells   FIG. 1 . Line plots of pooled, log-transformed absolute levels of transcripts for gap (■) and rpoB (E) and the geometric mean for rpoB and gap transcript levels ( ). The levels of transcripts were determined by qRT-PCR for L. monocytogenes 10403S grown to the early stationary phase at 16, 30, 37, or 42°C. The error bars indicate one standard deviation based on three independent replicates. a Gene names are based on the annotation of the L. monocytogenes EGD-e genome available from the NCBI (accession number AL591824; http://www.ncbi .nlm.nih.gov). The only exceptions are inlC2 and inlD, which are not present in the EGD-e genome.
b The relative difference in transcript levels based on the microarray data was calculated using Bioconductor for R by dividing the average spot intensity for L. monocytogenes 10403S at the first temperature listed by the average spot intensity at the second temperature. For each gene the fold difference is shown for each of the two probes targeting the gene (probe 1 and probe 2); for each probe the value is the average of the fold differences for the probe on the upper and lower arrays. The microarray data represent the data for three separate slides, each hybridized with cDNA from an independent replicate RNA isolation. A negative value indicates that the level of expression at the first temperature listed was lower than the level of expression at the second temperature. Relative differences in transcript levels are shown only if the difference was significant (P Ͻ 0.05).
c NA, not applicable.
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on February 23, 2013 by PENN STATE UNIV http://aem.asm.org/ grown at 37°C ( Table 2 ). The levels of both inlG and lmo0514 transcripts were significantly lower in cells grown at 42°C than in cells grown at 37°C. In the microarray experiments, the levels of lmo1290 transcripts were also significantly lower in cells grown at 42°C than in cells grown at 37°C. qRT-PCR confirmed that inlG, lmo0514, and lmo1290 had similar temperature-dependent transcription patterns, with low levels of transcripts at 16°C and the highest levels of transcripts at 30 and/or 37°C. Levels of lmo0327 transcripts are highest at 16°C and low at higher temperatures. Both microarray ( Table 2 ) and qRT-PCR data (Fig. 2C) showed that lmo0327 had a temperaturedependent transcription profile that was unique among the genes included on the subgenomic microarray; the levels of transcripts were significantly higher at 16°C than at 30, 37, and 42°C (Fig. 2C) , and the levels of transcripts at 30, 37, and 42°C were not significantly different from each other.
Twelve internalin-like protein genes showed no evidence of temperature-dependent transcription levels. The microarray data revealed that temperature did not have a significant effect on the levels of transcripts of 12 internalin-like protein genes at the temperatures tested (see Table S3 in the supplemental material). qRT-PCR analysis of three genes, lmo0264 (inlE), lmo2445, and lmo2470 (Fig. 2D) , confirmed that temperature did not have a significant effect on the levels of transcripts of these genes. qRT-PCR also showed that the levels of transcripts of these three genes were consistently low and generally lower than the levels of transcripts found for category I, II, and III genes (Fig. 2) .
DISCUSSION
As genes encoding internalin and internalin-like proteins are present in both pathogenic and nonpathogenic Listeria spp. (13) , in addition to the recognized role that some of these proteins play in virulence, it is likely that other internalin-like proteins have physiological functions that are not linked to virulence. This hypothesis is supported by the observation that the internalin Lmo0327 has been characterized as an enzyme with murein-hydrolyzing activity, which appears to be involved in cell separation and turnover of murein but not in adhesion to or entry into eukaryotic cells (52) . We hypothesized that the environmental temperature might be an important environmental cue affecting expression of members of the internalin gene family. A comprehensive understanding of temperaturedependent transcription of the genes encoding internalins and internalin-like proteins may help identify host and/or environmental conditions in which specific internalins facilitate L. monocytogenes survival, multiplication, or other critical functions. Microarray and qRT-PCR-based characterization of in -FIG. 2 . Normalized, log-transformed levels of transcripts for category I genes (A), category II genes (B), selected category III genes (C), and selected category IV genes (D). For details, see Table 2 . Levels of transcripts were determined by qRT-PCR for L. monocytogenes 10403S grown to the early stationary phase at 16, 30, 37, or 42°C. The data are average log-transformed levels of transcripts (normalized to the geometric mean for rpoB and gap) for three independent replicates (i.e., three RNA isolations performed on different days); the error bars indicate one standard deviation. For each gene, Tukey's multiple-comparison procedure was used to determine whether the levels of transcripts of the gene differed at the four temperatures; different letters above bars indicate that the levels of transcripts were significantly different (P Ͻ 0.05), while identical letters above bars indicate that the levels of transcripts were not significantly different. NS, levels of transcripts at the different temperatures were not significantly different. ternalin gene transcription showed that internalin genes can be separated into five broad categories based on temperaturedependent transcription patterns and also showed that transcription of a number of L. monocytogenes housekeeping genes is significantly affected by temperature. Levels of transcripts of some housekeeping genes are affected by temperature. While housekeeping genes are commonly used as controls and for normalization in quantitative gene expression studies (49), we clearly showed that the levels of transcripts of a number of L. monocytogenes housekeeping genes are affected by temperature, which is consistent with the results of other studies that have also shown that the levels of housekeeping gene transcripts in L. monocytogenes (9, 10, 60) and other bacteria (62) can be affected by growth conditions. Interestingly, for the majority of the L. monocytogenes housekeeping genes that showed temperature-dependent transcription in our study, differential transcription occurred at 16°C. While our results specifically showed that the levels of rpoB and gap transcripts in L. monocytogenes are affected by temperature (particularly 16°C), the geometric mean of the levels of transcripts of these two genes was not affected by temperature, supporting the validity of using the geometric mean of the levels of rpoB and gap transcripts for normalization of the levels of gene transcripts determined for L. monocytogenes cultured under different environmental conditions, including in the presence of NaCl and charcoal (10, 32) . These results are consistent with the findings of Vandesompele et al. (62) , who demonstrated that measurement of the levels of transcripts of a single housekeeping gene can be inadequate for normalizing the levels of transcripts of target genes in cells grown under very different physiological conditions. Use of a consistent, statistically validated approach with data for multiple housekeeping genes (e.g., both rpoB and gap) can facilitate reliable comparisons of levels of transcripts across studies (e.g., the levels of transcripts reported here and the levels of transcripts in intracellular L. monocytogenes reported by Kazmierczak et al. [34] ).
Levels of transcripts of the B -dependent internalin genes inlC2, inlD, lmo0331, and lmo0610 generally are highest at 16°C and lowest at 37°C. The levels of the transcripts of inlC2, inlD, lmo0331, and lmo0610, as well as the B -dependent opuCA genes, were highest at 16°C and lowest at 37°C (the only exception was inlD, whose transcript levels were lower at 42°C than at 37°C). These findings are consistent with previous reports that have shown that there is increased transcription of B -dependent genes at low temperatures in L. monocytogenes (2, 42) and in Bacillus subtilis (6, 68) , which is closely related to Listeria. In B. subtilis, B is essential for low-temperature adaptation, and the growth of a sigB null mutant is impaired at 15°C (6). The overall expression patterns of inlC2, inlD, lmo0331, lmo0610, and opuCA are also consistent with the well-documented role of B as a stress-responsive alternative sigma factor in L. monocytogenes (2, 21, 60, 64, 66) and other gram-positive species (33) , and B -dependent gene expression is generally lowest at the optimal growth temperature for L. monocytogenes (37°C) and higher at temperatures that may impose physiological stress on the organism (temperatures lower and higher than 37°C).
In addition to regulating the expression of genes involved in the global stress response, B plays a critical role during the gastrointestinal stage of listeriosis in the guinea pig (24) . The ability of a L. monocytogenes sigB null mutant to invade human intestinal epithelial cells also is impaired (23, 35, 36) . Thus, it is tempting to speculate that the B -dependent internalins (i.e., the internalins encoded by inlC2, inlD, lmo0331, and lmo0610) contribute to gastrointestinal invasion and pathogenesis in L. monocytogenes, which is consistent with evidence that the inl-GHE operon (which includes inlH, a fusion of inlC2 and inlD) contributes to gastrointestinal virulence in mice (53) , even though clear roles for inlC2 and inlD in virulence have not been defined yet. Upregulation of these genes at temperatures lower than mammalian body temperatures may allow enhanced expression of these internalins, which may help prime L. monocytogenes for infection, which is consistent with the finding that certain stress conditions that induce B activity enhance L. monocytogenes invasiveness for human intestinal epithelial cells (23) . Interestingly, while inlC2 and inlD appear to be specific to L. monocytogenes, consistent with their proposed role in virulence, homologues of lmo0331 and lmo0610 have been found in L. innocua and L. welshimeri (only lmo0610) (27, 28) , possibly indicating a physiological function(s) other than virulence for these internalins.
Levels of the transcripts of the PrfA-dependent inlA, inlB, and inlC internalin genes are lowest at 16°C. Our data showed that the levels of the transcripts of the PrfA-dependent inlA, inlB, and inlC genes (18, 41) , as well as plcA, were lowest in cells grown at 16°C. These findings are consistent with the well-documented temperature-dependent activation of PrfA, a pleiotropic transcriptional activator of virulence genes in L. monocytogenes (8, 47) . The levels of the PrfA protein and the activity are both affected by temperature (30, 39) . Translation of prfA mRNA is temperature dependent, apparently as a result of the secondary structure of the untranslated mRNA preceding prfA, which masks the transcript's ribosome binding region at temperatures below 37°C (30) . PrfA activity (as measured by expression of PrfA-dependent genes) is also higher at 37°C than at 30°C and lower temperatures (39) . Our data provide further evidence that there is posttranscriptional regulation of PrfA activity, as the levels of prfA transcripts were similar at 16, 30, and 37°C, while PrfA activity appeared to increase at 30 and 37°C (as indicated by the levels of PrfAdependent plcA transcripts).
While the levels of plcA transcripts were significantly lower at 30°C than at 37°C, the levels of inlA, inlB, and inlC transcripts were similar at 30 and 37°C. These data support the hypothesis that there are additional, PrfA-independent mechanisms that contribute to transcription of these three genes, as previously proposed (41, 44) , which is consistent with the observation that the inlAB operon is also regulated by B (in addition to PrfA) and the observation that inlC transcription can be initiated from overlapping PrfA-dependent and -independent promoters (44) . Regulation of inlA, inlB, and inlC by multiple PrfA-dependent and -independent regulators appears to allow levels of transcription of these genes over a wider temperature range that are higher than the levels of transcription of the genes that are solely PrfA dependent (as observed for plcA). This feature may be important for genes that are critical for the early (gastrointestinal) stage of L. monocytogenes infection (e.g., inlA [22] ) to ensure baseline transcription at temperatures lower than mammalian body temperatures B -and PrfAindependent genes that encode internalins and internalin-like proteins identified three groups of genes, including (i) four genes (inlG, inlJ, lmo0514, and lmo1290) whose levels of transcripts are lowest at 16°C and highest at 30 and/or 37°C, (ii) one gene (lmo0327) whose levels of transcripts are highest at 16°C and low at higher temperatures, and (iii) 12 genes whose levels of transcripts did not differ at the temperatures used in this study. As the levels of inlG, inlJ, lmo0514, and lmo1290 transcripts are lowest at 16°C and highest at mammalian body temperatures, these genes may be important for virulence and/or interactions with mammalian hosts. Some experimental evidence supports the conclusion that inlG and inlJ contribute to virulence (3, 53, 55) . inlG is not present in all L. monocytogenes strains and is not present in other Listeria spp. (27, 61) . While no clear attenuation of virulence has been described for an inlG null mutant, inlGHE appears to be required for InlAdependent invasion of Caco-2 cells in the absence of InlB (3) and to contribute to virulence in a mouse model (53) . inlJ has recently been shown to play a role in virulence, as an inlJ null mutant was significantly attenuated for virulence after intravenous infection of mice or oral inoculation of mice expressing human E-cadherin (55) . Similar to inlG, no homolog of the inlJ gene has been described in Listeria species other than L. monocytogenes to date (13) . lmo0514 and lmo1290 have not been characterized previously, but based on our expression data, these genes are hypothesized to contribute to interactions of L. monocytogenes with mammalian hosts. The sizes of the two proteins encoded by these genes are very similar (605 and 598 amino acids, respectively), and both have structural features indicating the presence of two PKD repeat units (7) . Because the PKD domain contains an immunoglobulin-like fold, these structures are proposed to form ligand-binding sites in cell surface proteins. PKD1 has been shown to colocalize to form a complex with E-cadherin and ␣-, ␤-and ␥-catenins (29) , further supporting the hypothesis that these genes have roles in binding to mammalian cell surface molecules.
The levels of lmo0327 transcripts were highest at 16°C and low at higher temperatures, suggesting that this gene may not contribute to mammalian virulence. This is consistent with the observation that lmo0327 encodes a surface protein that is covalently linked to murein and has murein-hydrolyzing activity, which appears to play a role in cell separation and murein turnover (52) . Our data for transcript levels are also consistent with the observation that a ⌬lmo0327 strain had a significantly lower growth rate than the parent strain at 25°C but not at 30 and 37°C (52) .
The 12 internalin-like protein genes that did not show any apparent effect of temperature on transcription included inlE and inlF. Our finding that the levels of transcripts of these genes were low is consistent with the results of a study in which the workers failed to detect InlE by Western blotting in cells cultured in bacterial medium at 37°C (15) and with the results of qRT-PCR studies which showed that the levels of inlE transcripts were not detectable at 37°C (P. McGann, M. Wiedmann, and K. J. Boor, submitted for publication). Our findings may indicate that these genes are transcribed only under very specific environmental conditions or that they may be silent in L. monocytogenes. For inlF, these hypotheses are supported by the fact that an inlF null mutant did not show any apparent phenotype when it was tested in tissue culture assays (15) . While an inlGHE null mutant strain exhibited reduced oral virulence in mice, possibly indicating that inlE has a role in virulence, no specific phenotype associated with an inlE null mutation has been reported to date. While further studies of these genes are required to understand their functions, we predict that they are not likely candidates for virulence or virulence-associated genes.
Conclusions. This study provided further evidence that internalins and internalin-like proteins in L. monocytogenes and other Listeria spp. have a broad spectrum of functions, including facilitating host-pathogen interactions and other physiological processes not linked to virulence. The conclusion that Listeria internalins are functionally diverse is supported by the diverse temperature-dependent gene regulation patterns observed for genes encoding members of the internalin family, including genes that are expressed most highly at temperatures considerably below mammalian body temperatures, along with other genes that are expressed most highly at mammalian body temperatures. Additional support for the conclusion that the internalins are functionally diverse includes (i) the highly variable distribution of internalins among Listeria spp., including the internalins that are strain, species, and genus specific (13, 27, 28, 61) , (ii) the transcriptional regulation by diverse transcription factors, including PrfA and B (16, 18, 32, 34, 36, 41, 50) , and (iii) the diverse functions of the internalins characterized to date, including a number of internalins without clearly defined functions (3, 13-15, 18, 22, 52, 53, 55) . Further studies of the Listeria internalins are likely to provide broad insight into the evolution of gene families that contribute to virulence and other physiological functions in environmentally transmitted pathogens.
